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TMPLAHfflfflJa SYSTEM FOR CELL OR O W 'f fl CONTRO L 
A BACKGROUND 

Field of the Invention 

The invention relates to methods and apparatus for control of ceil growth, including 
5 angiogenesis, in porous implants, produced from ceramics, of the low density type from the 
general family described in Banas, et al, Thermophvsical and Mechanical Properties of the 
HTP Family of Rigid Ceramic Insulation Materials. AIAA 20th Termophysics Conference, 
June 19-21, 1985, Williamsburg, Va. (incorporated herein by reference), Creedon, et al., 
Strength and Composites. SAMPE Quarterly, October and (incorporated herein by 
© reference), U.S. Patent No. 4 f 148,962, issued to Leiser, et al. on April 1979 (incorporated 
^ herein by reference). As an example of the general family, a thermal insulation material 
t g is produced by Lockheed Misseles & Space Company, Inc. of Sunnyvale, Ca. t having the 
j|! following properties, according to what is believed to be an Occupational Health and Safety 

\* Administration Material Data Sheet of February 28, 1989, as follows: 

6 
B 

l*J 

□ 1. PRODUCT IDENTIFICATION 

! 3 

Trade name (as labeled): HTP (High Thermal Performance) Material Chemical 

names, common names: Thermal insulation material. 

Manufacturer's name: Lockheed Missiles &. Space Company, Inc. 

20 Address: 1111 Lockheed Way, Sunnyvale, Ca. 94089 

Emergency phone: (408) 742-7215 Refer questions to: 

(6 .a.m.-5 p.m. PST) Lockheed Missiles & Space Com- 

pany, Inc. 

(408) 742-3536 Occupational Safety & Health 

25 De P L 

(Off Hours) Org/4720 - 8/106 

Business phone: (408)742-7215 Date prepared: 1/89 
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Chemical Gas 



U HAZARDOUS INGREDIENTS 

Exposure Limits in Aij, 



J Names 


Numbers 


Percent 
(by vt.) 


OSHA (PEL) 


AGGIH 
(TLV) 


Other 


Alumina 
Fiber 


1344-28-1 


10-50 


5mg/m 3 /15mg 

(Respirable/ 
Total dust) 


10mg/m 3 
(Total nui- 
sance dust) 




Silica 
Fiber 


60676-86-0 


50-90 


5mg/m 3 /15mg 
/ra 3 (Respira- 
ble/ Total 
dust) 


10mg/m 3 

(Fibrous 

Glass) 


See Health 
Effect 


Silicon 
Carbide 


409-21-2 


1-3 


5mg/m 3 /l5mg 
/m* (Respira- 
ble/ Total 
dust) 


10mg/m 3 
(Total nui- 
sance dust) 




Boron 
Nitride 


10-043-115 


1-5 


5mg/m 3 /l5mg 
/nr (Respira- 
ble/ Total 
dust) 


I0mg/m 3 
(Total nui- 
sance dust) 





III. p r r Yfif r A T PROPERTIES 



Softening point or range, degrees F: 2876 
•Boiling point or range, degrees F: NA 
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Vapor density (air = 1): NA 
Specific gravity: Varies 
Solubility in water: Nil 
Vapor pressure, mmHg at 20 degrees c: NA 
Evaporation rate (butyl acetate = 1): NA 
Appearance and odor: Solid off-white blocks, no odor. 

IV. F">F AN" explosion 

Flash Point, degrees F: Nonflammable (will not support combustion) 

Autoignition temperature, degrees F: NA 

Flammable limits in air, volume %: NA 

Fire extinguishing materials: NA 

Special firefighting procedures: NA 

Unusual Gre and explosion hazards: NA 

V. t^ATTH HA? ft?" T^VORMATION 
SYMPTOMS OF OVEREXPOSURE 

Inhaled: Irritation or soreness in throat and nose. In extreme exposure some congestion 
may occur. 

Contact with skin or eyes: Local irritation, rash. 
Swallowed: Not a primary entry route. 
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HEALTH EFFECTS Of^pS FROM EXPOSURE 

Acute: Mechanical irritant to skin, eyes, and upper respiratory system. 

Chronic: Results of studies on the effect of silica fiber exposure causing malignant 

and non-malignant respiratory disease in man are controversial. Studies on laboratory 

animals fall in to two categories: animals which breathed high concentrations showed no 

disease, while some exposed through artificial means (e.g., implantation) have developed 

cancer. Recent U.S. and European studies of almost 27,000 production workers (1930s to 

10 1980s) found no significant increase in disease from fiber glass exposure. Even though the 

extensive human studies were judged inadequate for carcinogenicity, I ARC has classified 

13 glass wool as possibly carcinogenic for humans, based on the artificially exposed animal 

® studies. Fibrous glass is not considered a carcinogen by NTP and OSHA. As a conservative 

S! 

^ approach in the absence of conclusive knowledge indicating otherwise, we recommend 

15t| treating this material as if it is a potential carcinogen. Handling procedures such as HEPA 

\ A vacuum and local exhaust ventilation should be used to minimize exposure. See Special 

a 

iS Handling Procedures. 

W 
Q 

Periodic air monitoring is recommended. The NIOSH recommended exposure limit 
20 for fibrous glass is 3 fibers/cc. The manufacturer of the silica fiber used in this product 
recommends an exposure limit of 1 fiber/cc. 



FIRST AID 

Skin: Wash thoroughly with soap and water. 
25 Eyes: Flush thoroughly with water for 15 minutes. 

Inhaled: Move person to fresh air at once. If person has stopped breathing, 
administered artificial respiration. Get immediate medical attention. 
SUSPECTED CANCER AGENT 

No.: This product's ingredients are not found in the lists below. 
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_X_ Yes.: _ f@te«U OSHA NTP £^ 



IARC 



MEDICAL CONDITIONS AGGRAVATED BY EXPOSURE: Pre-existing upper 
respiratory conditions and lungs diseases may be aggravated. 

VI. REACTIVITY DATA 

Stability: _X_ Stable Unstable 

Incompatibility (materials to avoid): Will react with hydrofluoric acide. 
Hazardous decomposition products: NA 

Hazardous polymerization: May occur X_ Will not occur 

Conditions to avoid: None 



VII. SPILL, LEAK AND DISPOSAL PROCEDURFS 
Spill response procedures: Wet down spiHs to control dust. Material is not 
considered a hazardous waste under 40 CFR. Dispose of all wastes in accordance with 
federal, state and local regulations. 

Vlli. SPECIAL HAN DLING INFORMATION 
Ventilation and engineering controls: Local exhaust ventilation should be used for 
grinding or other operations which generate dust. Hood exhaust should be fitted with a 
filter which will control 99% of fibers less than 1 micron in diameter. 

Respiratory protection: For exposures up to 10 f/cc, use a NIOSH-app roved twin 
cartridge air purifying respirator with high efficiency particulate air (HEPA) filters. For 
exposures up to 50 f/cc, use a NIOSH-approved full-face respirator with HEPA filters. 
Above these levels, use an air-supplied respirator. 
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Eye protection: glasses with side shields should -b^^R if material is ground, 

cut, or otherwise disturbed using power tools. 
Gloves: Any barrier materia). 



Other clothing and equipment: Wear loose fitting, long sleeved clothing; Wash 
exposed areas with soap and warm water after handling; Wash work clothes separately from 
other clothing; rinse water thoroughly. 

IB Other handling and storage requirements: Protect against physical handling damage. 

•i 

m 
M 

'-4 Protective measures during maintenance of contaminated equipment: Wear a 

■3 

!y respirator as prescribed in the Respiratory Protection section.. Wear gloves and coveralls 
U as appropriate to prevent skin contact. 

b 

iff 

!| IX. LABELING 

a 

Labeling: Fibrous glass-type materials. Treat as a potential carcinogen. 
20 Acute: May cause skin, eye and respiratory tract irritation. 

Chronic: Long term inhalation may cause serious respiratory disease. Handle 
wet and use respiratory protection. 

25 Proper Shipping Name: Not regulated. 

Also, a reusable surface insulation (HRSI) is described by a Lockheed Missies & 
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Space Co. Fact Sheet, released September, 1988, titled, IhsimaJ Protection Svsi£m 
(incorporated herein by reference) 

(>H Growt h Implants 

Implants for drug delivery and infection control preferably interact with the organism 
in which they are implanted, the interaction being through the medium of tissue fluid and 
by cellular contact with the implant. The extent of angiogenesis and cellular growth within 
the implant and the distance through which materials from the implant must diffuse through 
the tissue fluid to reach the organism's circulatory system may have important effects on 
functioning of the implant. The latter parameter is especially applicable in the case of 
implants for drug delivery. 

A pplications f rr " r ff TVljw.iv Implants 

Administration of one or more drugs to a patient at predetermined dosage rates is 
required for effective treatment and/or prevention of several infectious diseases, including, 
e.g., tuberculosis, malaria and certain sexually-transmitted diseases (STD's). Public health 
measures adopted to cope with these diseases rely heavily on administration of prophylactic 
and treatment drugs on an outpatient basis, but the rising incidence and prevalence of 
infectious diseases in certain populations homeless or medically indigent families and 
migrant workers) reflect the limited efficacy of current treatment and prevention programs 
in such groups. 

The sue** of ourpadent treatment and prevention programs depends substantially 
on each patient's compliance with prescribed dosage(s) to achieve and maintain therapeutic 
or prophylactic drug levels. Deviation from a predetermined dosage rate or duration may 
«* in a relapse or exacerbation of the disease at issue, .n particular, a patient's 
premature termination of orally administered drug treatment can a!!ow the survival and 



proliferation of drug-rewtam microorganisms, as has occurred- in patients having 
tuberculosis and STD's such as gonococcal salpingitis. 

Patients infected with relatively drug-resistant pathogens become progressively more 
difficult and expensive to treat. Those not treated or inadequately treated act as reservoirs 
of disease. They easily infect or reinfect those with whom they have contact, and thus 
constitute a significant public health threat. Especially within transient populations and 
those living in crowded public accommodations, infectious diseases will continue to be 
passed back-and-forth unless the chain of transmission is broken through effective treatment 
of infectious patients. One means of providing such treatment involves providing effective 
drug therapy through systems for controlled or delayed drug release in vivo. In patients who 
present repeatedly with the same disease and who either can not or will not comply with an 
oral dosage regimen, implants which operate automatically to provide therapeutic drug 
levels in vivo may reasonably be offered as part of effective therapy. 

gristing Imp lantable Drug Delivery Systems 

A variety of implantable drug delivery systems already exist for controlled release of . 
drugs in vivo over prescribed periods of time. Examples include: (1) systems comprising 
drugs encapsulated in non-biodegradable membranes, e.g., levonorgestrel in flexible closed 
capsules made of SILASTIC* brand dimethylsiloxane/methylvinylsiloxane copolymer (the 
NORPLANT* system); (2) drugs prepared in relatively insoluble form for intramuscular, 
intraarticular or subcutaneous injection, e.g., penicillin G benzathine and penicillin G 
procaine (BICILLIN* C-R), methylprednisolone acetate aqueous suspension (DEPO- 
MEDROL*), or norethisterone dispersed in P oly(DL lactide-e*-glycolide) microcapsules; 
and (3) drugs dispersed in formed biodegradable implants, the implants comprising, e.g., 
polyhydroxybutyrate with or without hydroxyapatite. All of these systems, however, are 
associated with significant disadvantages. 
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Encapsulated drogibrms intended for implantation, as inlke NORPLANT* system, 
are subject to errors in placement which may cause capsule expulsion and consequent 
irregularities in drug delivery rate. Capsules may also be difficult to remove, but can not 
be left in place indefinitely (it is recommended that all capsules be removed after five 
years). 

Additionally, intramuscular, intra-articular or subcutaneous injections of drugs such 
as BICILLIN* C-R, DEPO-MEDROL* or norethisterone are painful, and patients may tend 
to delay or avoid treatments involving repeated injections due to the expected discomfort. 
Furthermore, the rate of drug delivery from subcutaneous dosage forms is substantially 
limited by the local blood supply. 

Finally, formed implants of biodegradable polyester, even when reinforced with 
hydroxyapatite, tend to experience significant declines in elastic modulus and bend strength 
after weeks to months of implantation. The resulting tearing and cracking of the implant 
can then alter the amount of implant surface exposed to body fluids and cellular activity, 
which in turn may cause unpredictable changes in the delivery rate of any drug(s) dispersed 
within the implant. Because stability and predictability of drug administration rates are 
paramount considerations, implants containing brittle materials or drug deposits should 
ideally retain their shape and strength during the entire course of implantation and even 
after depletion of the administered drug. High levels of shape and strength retention would 
also facilitate changes in the drug administration regimen and would also allow removal of 
the implant at the convenience of the patient rather than on a fixed schedule. 

In view of the disadvantages summarized above for currently available implantable 
drug delivery systems, a more flexible and reliable implantable system for drug delivery is 
needed. Changes in the drug treatment regimen (i*. drug selection and dosage rate) should 

8 
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be relatively easily made tH«J-easily changed, and communication octween the implant and 
the local tissue into which it is implanted should be controllable throughout the life of the 
implant through selective stimulation of cell growth and angiogenesis from the local tissue 
to the implant. At the present time, no system combining these desired characteristics is 
commercially available. 

Implants fo r Infection Control 

The functions described above as useful in implants for drug delivery would also be 
useful in. implants for infection control, as where a break occurs in the skin at a site of 
percutaneous catheter insertion. Implants currently used in such applications frequently 
comprise one or more fibrous cuffs for interface with the body tissues, but the cuffs 
themselves may become infected because normal immune responses are impeded in the area 
of the implant. Catheter-related infections may thus be reduced by improved communica- 
tion between the cuff implant and the local tissue. As in the case of implants for drug 
delivery, functional integration of the cuff implant with surrounding tissue would preferably 
be controllable throughout the life of the implant by selective stimulation of cell growth and 
angiogenesis from the local tissue to the implant Implantable cuffs facilitating such control 
are not. however, commercially available. 

SUMMARY 0^ THE INVENTION 

Implants for drug delivery and infection control (infection shields) according to the 
present invention substantially avoid the shortcomings of prior implants noted above by 
incorporating an implantable system for cell growth control as described herein. Each drug 
delivery implant of the present invention comprises a porous linked fibrous biomaterial drug 
reservoir, the voids of which, in some embodiments, contain one or more drugs which may 
be dispersed within a biodegradable matrix. Cell growth and angiogenesis within the 
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reservoir is controlled and directed as described herein. Note that drugs to be delivered, 
as well as the matrix materials (if present), may include metabolic products of the organism 
in which a drug reservoir is intended to be placed, or of other organisms. 

In other embodiments, a cuff-shaped infection shield inhibits the passage of 
pathogenic microorganisms along a catheter or other percutaneously implanted device 
through control of cell growth and angiogenesis within the shield as described herein. 
Further embodiments include a reservoir having one or more sealabte interior chambers 
containing cultured living cells which can communicate through porous chamber walls, by 
the medium of tissue fluid and/or cell growth medium, with cells of the organism in which 
the reservoir may be implanted or with an external fluid exchange system (as in a 
bioreactor). Infection shielding cuffs or reservoir implants according to the present 
invention both comprise fibrous biomaterials which are biocompatible. As described herein, 
biocompatible implants support controlled cell growth and angiogenesis within an organism 
while not evoking a foreign body immune response which significantly adversely affects 
preferred implant function. Implant biomaterials may be biodegradable (/.e., they may 
dissolve in tissue fluid to form nontoxic solutions), or they may be substantially non- 
biodegradable (e.g., silica fibers). 

Implantation of infection shields and drug reservoirs of the present invention is 
preferably carried out in vascular tissue of an organism. Vascular tissue is tissue which 
contains circulatory system vessels (including lymphatic and blood vessels) and tissue fluid 
in sufficient quantity to sustain cells growing within the implant and to transport drug 
released from a reservoir implant to the circulatory system vessels. 

Drug transport may be by diffusion, convection, or facilitated diffusion. In reservoirs 
which contain cell cultures and are implanted within vascular tissue, food and oxygen diffuse 

10 
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toward the cultured ee^md-metabolic products (including ^ or more desired drugs) 
diffuse away from them via the tissue fluid. Similarly, cells invading the implant from the 
local tissue of the organism are sustained through exchange of food, oxygen and metabolic 
products with circulatory system vessels growing within the implant from the local tissue. 

In all embodiments of the present invention, a reservoir or infection shield implanted 
in vascular tissue tends to: (1) retain the desired implant shape and structural integrity for 
a duration of implantation which substantially exceeds the planned duration of implantation 
for the shield or the duration of drug administration from a reservoir implant, and (2) aid 
in sustaining cells growing within the implant and/or coupling drugs emanating from the 
reservoir to the circulatory system for timely delivery of effective drug doses to one or more 
desired sites of action within the organism. Each implant embodiment reliably performs 
these functions over periods of implantation from a few days to several months, depending 
on its design. Note that the tendency for embodiments of the present invention to retain 
a desired implant shape does not preclude flexible implants according to the present 
invention (e.g. 9 implants in the form of a flexible sheet). In such implants, flexibility does 
not substantially degrade the functions of stimulation of cell growth and angiogenesis, 
and/or support of cultured cells within the implant. 

Drug reservoirs and infection shields in all embodiments of the present invention 
comprise relatively non-biodegradable fibrous biomaterials linked at fiber intersections to 
aid in substantially retaining their shape after prolonged implantation. Shape retention 
includes retention of the mechanical integrity of any cell culture or biodegradable matrix 
which may be present, i.e., substantial disruption of the cell spacing and matrix fragmenta- 
tion are avoided for at least the useful life of the implant. The fiber linking which facilitates 
shape retention includes processes capable of substantially maintaining the spatial 
relationship of one fiber with respect to other fibers which touch it for the effective life of 

U 
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an implant comprising the fibers. Process examples include fusing with silica fibers), 
chemical bonding with polymer fibers), and adhesion (e.g., with colloidal silica). 
Additionally, and notwithstanding their relatively non-biodegradable porous linked fibrous 
biomaterial component, reservoirs and infection shields of the present invention are 
substantially biocompatible. 

Angiogenesis in the fapfcfit 

In particular, implant biocompatibility is reflected both in the ability to stimulate and 
sustain populations of cells within the implants, and in the function of coupling drugs which 
emanate from within a reservoir to the circulatory system of the organism in which the 
reservoir is implanted. Within portions of implants intended to either sustain cultured cells 
or stimulate angiogenesis or cell growth from adjacent vascular tissue, the implant material 
is substantially hydrophilic and contains mean pore (void) sizes and porosities which have 
been empirically determined to support the desired function of the implant. 

. Angiogenesis within the implant helps ensure that it is function ^ly integrated within 
the circulatory system of the patient into which the implant is placed. The controlled and 
progressive nature of angiogenesis and cell growth into implants differentiates implantable 
infection shields and systems for drug delivery of the present invention from all prior 
devices, systems and methods. 

Cell growth in general and angiogenesis in particular within implants of the present 
invention is a function of the mean void size, fiber composition and surface chemical 
characteristics of the biomaterial fibers. In implants comprising fibrous biomateriais of 
substantially uniform fiber size range and fiber distribution, implant density is substantially 
inversely related to void or pore size. For example, implants comprising Q-Fiber 
(amorphous high purity silica) obtained from the Manville Division of Schuller International. 
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Inc., Watenon, OH, and Jtcpated as described herein at high de«»«y (39 pounds/cubic foot) 
support approximately 1/3 the cell growth of similar material prepared at a low density of 
12 pounds/cubic foot). Hence, areas of high and low cell growth potential may be 
incorporated in an implant by making the respective portions of low and high density 
material. To achieve the desired ratio of high/low cell growth potential, one need only 
perform in vitro tests using cells of the tissue in which implantation is desired or cells of the 
type desired to be cultured. Preferred high and low density values for sections of an implant 
which are to respectively inhibit or support cell growth may thus be determined. Note that 
in other preferred embodiments of the present invention, conditions of high and low cell 
growth potential may be achieved at least in part by alterations in fiber surface composition 
and/or coatings, in addition to or in place of density alterations. 

In any embodiment of the present invention, it is preferable that initial implant 
densities (ignoring any matrix which may be present) remain substantially, unchanged 
throughout the useful life of the implant. Such consistency of density may be achieved 
through linking of the biomaterial fibers comprising the implant. Linking acts to maintain 
the range of void or pore sizes necessary for proper functioning of the implant. The degree 
of linking and the degree of flexibility at individual linkages required will be empirical 
functions of the fiber type chosen and the strength requirements of the particular implant 
configuration chosen (e.g., elastic modulus, bending strength). 

r^ prvntion *nH Functio n ^ f * Biodegradable Matrix 

Within reservoirs of certain preferred embodiments of the present invention, one or 
more treatment or prophylaxis drugs are dispersed within a matrix, the matrix being 
dispersed within the pores (voids) of the linked fibrous biomaterial. The matrix comprises 
one or more biodegradable biomaterials, the exact composition being determined by the 
desired rate and duration of matrix biodegradation (with its resultant drug release). Note 

13 
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that drugs may be microencapsulated prior to dispersion within the matrix to further delay 
their release in active form and/or to reduce the concentration of free drug in the 
immediate vicinity of the reservoir. 

Suitable materials for the biodegradable matrix include but are not limited to 
homopolymers (e.g. t poiy-paradioxanone, polyiysine or polyglycolic acid) and copolymers 
(e.g M polylactic acid and polyglycolic acid). Biodegradable polymers may be augmented in 
the matrix (or even replaced, in certain embodiments) by other biodegradable biomaterials, 
including but not limited to, e.g., Glassfiber* plaster of Paris, beta-whitlockite, hydroxyapa- 
tite, and various other calcium phosphate ceramics. 

Structure and Function of the Implant 

In all embodiments of the present invention comprising a matrix the porous linked 
fibrous biomaterial tends to establish and maintain the physical characteristics of the implant 
(and any matrix or drug contained therein), and to direct newly-formed blood vessels 
thereto, Le., acting to control the number and location of the newly-formed blood vessels 
within the implant. Implants which contain a biodegradable matrix acquire new and/or 
larger voids as the matrix is removed through the action of tissue fluid. Thus, there is within 
the implant a changing level and location of angiogenesis and new cell growth as portions 
of the matrix are biodegraded. 

Such local direction of cell growth and blood vessel proliferation effectively controls 
and directs the implant integration and biodegradation processes. Similarly, the rate of 
absorption of cell culture metabolic products in implants containing cultured cells is also 
regulated. 

For embodiments employing cell cultures, diffusion distance from the cultured cells 
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to the circulatory system tftsy- remain substantially unchanged *ft©* initial angiogenesis 
within the reservoir. For drug or matrix-containing embodiments on the other hand, the 
diffusion distance from matrix to circulatory system will in general be constantly changing. 

If desired, the effective mean distance over which matrix components (including 
drugs) must diffuse to reach the circulatory system can be mainlined substantially constant 
throughout the life of the present implant. As matrix components are dissolved and carried 
away by first the tissue fluid and then the blood stream, angiogenesis results in the effective 
repositioning of the circulatory system closer to the remaining (undissolved) matrix. 
Angiogenesis, in turn, is controlled by several factors including, but not limited to; void size 
in the reservoir, reservoir porosity, and the composition of the reservoir's linked fibrous 
biomaterial. 



Angiogenesis may be encouraged or inhibited at a particular location within the 
implant because it is effectively directed by the communicating voids of the implant only if 
the voids are within an empirically predetermined preferred size range. Voids either too 
large or too small will substantially inhibit or even prevent angiogenesis. On the other hand, 
voids within a preferable size range will stimulate extension of the circulatory system with 
the implant. 

In embodiments of the present invention having a biodegradable matrix, new voids 
are formed continuously by dissolution of the biodegradable matrix; actual void size 
progressively increases toward the limit allowed by the reservoir structure. In contrast, in 
embodiments without a matrix, the voids present initially on implantation are those 
characteristic of the linked fibrous biomaterial. In either type of embodiment, however, 
drug absorption by the circulatory system can be made to proceed in an orderly and 
substantially predictable manner. 



In matrix- con t ainir tg. embodiments, drug absorption at s uustantia Hy. predetermined 
rates occurs even as the shape and size of the biodegradable matrix mass changes. No prior 
drug delivery systems operate in this manner to ensure a controlled blood flow adjacent to 
a drug-producing or drug-storing implant, even when a drug storage element (Le. % the 
matrix) is itself a changing biodegradable moiety. 

Effects of Implant Porosity 

Note that while voids of the proper size will tend to stimulate angiogenesis in certain 
areas of the implant, the porosity of the linked fibrous biomaterial will ultimately limit the 
total blood flow per unit volume of the reservoir Porosity is defined as the percent of void 
space relative to a given volume of linked fibrous biomaterial material in the implant 
(ignoring any matrix which may be present). Because an increase in porosity tends to allow 
an increase in the total amount of blood flow in the implant (through angiogenesis), it also 
tends to decrease the mean diffusion distance separating blood vessels from cultured cells 
or biodegradable matrix components within the implant. 

Conversely, decreasing the porosity of the reservoir tends to increase the mean 
diffusion distance. Thus, the choice of preferred porosity for any reservoir (or portion 
thereof) will depend on the desired density of tissue ingrowth or the flux of drug desired 
from the implant. For example, relatively high drug flux values would ordinarily be 
desirable for implants delivering antibiotics, while relatively low drug flux values would be 
needed for delivery of hormones. 

Note that the amount of drug flux needed from a given implant may be influenced 
by placement of the implant. Proper choice of an implantation site may result in relatively 
higher drug concentrations in certain regions of the body where the drug is most needed, 
thus perhaps allowing lower average blood levels of the drug. 

16 
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Cell Isolation bv Channel *>tae-Control 

An important aspect of the structure of infection shield implants and reservoir 
implants intended to contain cultured cells is the presence of channels for tissue fluid which 
are too small for cell or vessel growth but large enough to allow effective diffusion of food, 
oxygen and metabolic products between cells and vessels. Such channels can effectively 
isolate interior portions of a reservoir from contact with the host organism except through 
the medium of tissue fluid components which pass through them- Similarly, such channels 
can inhibit the passage of microorganisms through an infection shield while supporting 
growth of skin or subcutaneous tissue into other portions of the shield. 

In preferred embodiments of the present invention containing cultured cells, channels 
within portions of the reservoir intended to support angiogenesis from the host organism will 
adjoin the porous wall of a sealable inner chamber of relatively dense porous linked fibrous 
biomaterial. The chamber wall, which is preferably relatively thin, effectively separates host 
organism cells and new blood vessels formed in the reservoir from the cultured cells, except 
for communication through tissue fluid channels in the porous chamber wall. Mechanical 
support for the thin chamber wall is provided by linked biomaterial fibers which, in a less- • 
dense linked pattern, comprise the remaining structure of the reservoir. Preferred density 
ranges for each reservoir material and cultured cell type are empirically determined by in 
vitro testing, 

f^plant Placement 

Infection shield embodiments of the present invention are preferably placed around 
a percutaneously-placed object (e.£, a catheter) at or near the point where the object passes 
through the skin and subcutaneous tissue. In certain embodiments, the shield comprises a 
substantially cylindrical^ shaped catheter seal for substantially circumferentially surrounding 
the catheter, the seal comprising porous linked fibrous biomaterial (eg., silica fiber) having 
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a plurality of voids of a frfcdctcrm med mean void size effective tttr inhibiting angiogenesis 
from the skin and subcutaneous tissue, and a tissue cuff circumferentially surrounding the 
catheter seal, the cuff comprising porous linked fibrous biomaterial having a plurality of 
voids of a predetermined mean void size effective for stimulating angiogenesis in the cuff 
from the skin and subcutaneous tissue. 



Tissue ingrowth with attendant angiogenesis links the skin and subcutaneous tissue 
with the implant. Such ingrowth is preferably stopped adjacent to the object by a layer of 
relatively dense linked fibrous biomaterial which substantially blocks further tissue ingrowth 
and angiogenesis, but which does not provoke a foreign body response from the organism 
in which the shield is implanted. Thus, passage of pathogenic organisms around the 
percutaneously-placed object is effectively blocked by the ingrowth of tissue, and infection 
is prevented. This type of implant placement differs substantially from that preferred for 
drug delivery systems. 



Drug delivery implants of the present invention are preferably placed within or 
adjacent to vascular tissue. Such tissue offers an appropriate base from which angiogenesis 
from the tissue to within the reservoir (characteristic of all embodiments after implantation) 
may proceed. Two preferred locations for implantation are within the marrow of long bones 
and within a surgically constructed peritoneal pouch. 

One alternative method of reservoir placement within bone is to secure the reservoir 
itself with external fixation in a manner similar to that used for fixation of bone fractures. 
Reservoirs of the present invention may be shaped to fill existing bony defects (e.g., missing 
bone due to injury), and one or more drugs to stimulate osteogenesis (e.£ f transforming 
growth factor beta, osteogenin and osteocalcin) may, for example, be dispersed within the 
matrix. Reservoirs for applications requiring external fixation would typically comprise 
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a plurality of voids of a predetermine d mean void size effective inhibiting angiogenesis 
from the skin and subcutaneous tissue, and a tissue cuff circumferentially surrounding the 
catheter seal, the cuff comprising porous linked fibrous biomaterial having a plurality of 
voids of a predetermined mean void size effective for stimulating angiogenesis in the cuff 
from the skin and subcutaneous tissue. 



Tissue ingrowth with attendant angiogenesis links the skin and subcutaneous tissue 
with the implant Such ingrowth is preferably stopped adjacent to the object by a layer of 
relatively dense linked fibrous biomaterial which substantially blocks further tissue ingrowth 
and angiogenesis, but which does not provoke a foreign body response from the organism 
in which the shield is implanted. Thus, passage of pathogenic organisms around the 
percutaneously-ptaced object is effectively blocked by the ingrowth of tissue, and infection 
is prevented. This type of implant placement differs substantially from that preferred for 
drug delivery systems. 



Drug delivery implants of the present invention are preferably placed within or 
adjacent to vascular tissue. Such tissue offers an appropriate base from which angiogenesis 
from the tissue to within the reservoir (characteristic of all embodiments after implantation) 
may proceed. Two preferred locations for implantation are within the marrow of long bones 
and within a surgically constructed peritoneal pouch. 



One alternative method of reservoir placement within bone is to secure the reservoir 
itself with external fixation in a manner similar to that used for fixation of bone fractures. 
Reservoirs of the present invention may be shaped to fill existing bony defects (<?.£., missing 
bone due to injury), and one or more drugs to stimulate osteogenesis (e.g. t transforming 
growth factor beta, osteogenin and osteocalcin) may, for example, be dispersed within the 
matrix. Reservoirs for applications requiring external fixation would typically comprise 
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relatively high-strength ^wnuiterial fibers and relatively high *6v&l*-et linking at fiber 
crossings. Such reservoirs would biodegrade relatively slowly over time as the strength 
required of the reservoir is increasingly provided by newly formed bone within the voids of 
the reservoir. 



Another alternative method of reservoir implantation in bone requires installation 
of a permanent fixture within the bone. The fixture allows ready access to the implant and 
frequent, substantially atraumatic changes of the reservoir. The general design of such a 
fixture is suggested by reference number 12 in U.S. Patent Number 4,936,851 {Fox, et aL\ 
incorporated herein by reference. A fixture of this general design can be allowed to become 
a substantially permanent part of the bone in which it is placed (using methods for 
implantation and subsequent wound care similar to those described in Fox, et aL). 

After implantation, the fixture may accommodate one or more substantially 
cylindrically shaped reservoirs of the present invention. Properly-shaped fenestrations in the 
fixture wall (see reference number 15 of Far, et aL for an example of one type of 
fenestration) allow angiogenesis of the porous linked fibrous biomaterial of the reservoir(s). 
Note that stacking of two or more substantially cylindrical reservoirs in a fixture implanted 
in bone is a preferred method of simultaneously providing more than one drug, or providing 
a single drug having more than one desired flux level over time, to an organism by using 
devices of the present invention. A desired ratio of the drugs provided may be easily 
achieved through appropriate choice of the lengths and/or drug release capacities of 
reservoirs inserted in the fixture. Similarly, drug combinations and ratios are easily changed 
through replacement of an existing set of implanted reservoirs (or portions thereof) with 
another set. 

Note also that substantially cylindrical reservoirs for delivery of different drugs, or 
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for delivery of the same drug at different rates, can be cut into a variety of differing forms, 
with pieces from different reservoirs being reassembled into a substantially cylindrical form 
suitable for insertion into a fixture. Such a mosaic reservoir may provide a variety of drug 
dosage profiles over time, as may be required in certain drug treatment and prophylaxis 
protocols. 

Access to the fixture through a small skin incision and a fixture cap (see reference 
number 14 of Fox, et al for an example of one type of fixture cap) could be substantially 
as described in Fox et al Removal of a cylindrically shaped reservoir from a fixture in 
which it has become substantially integrated with both the bone tissue and circulatory 
systems of the bone marrow may be accomplished through a process analogous to 
trephination. Fox t et al does not describe a separate trephine tool, but methods and devices 
for trephination are well known to those skilled in orthopedics and neurosurgery. 

For implants of the present invention having a longer projected life, or those in which 
implantation in the abdominal cavity is desired, implantation of reservoirs in a peritoneal 
pouch created by open or endoscopic surgery may be desirable. By totally enclosing each 
implant in a peritoneal cover, substantial potential for angiogenesis is provided, while the 
likelihood of adhesion formation between the external surface of the pouch and adjacent 
structures is minimized. 

Preparation of Porous Linked Fibro us Biomaterial Reservoirs 

Porous linked fibrous biomaterial reservoirs of the present invention do not have a 
fixed composition. They are relatively non-biodegradable for the functional life of the 
implant, retaining sufficient mechanical strength to maintain porosity values and void size 
consistent with the degree of angiogenesis desired in the reservoir. In certain preferred 
embodiments for insertion in and subsequent removal from fixtures in bone), they 
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preferably comprise n onwo.dtt , randomly oriented, high-purity sil*^ fibers which are linked 
at a plurality of crossing points into a substantially non-biodegradable porous structure. In 
other preferred embodiments (e.g., for one-time deiayed-release drug administration), a 
reservoir may preferably comprise linked Glassfiber® which will retain its shape until the 
reservoir drug is exhausted or until any cultured cells within the reservoir become non- 
viable. 

A general method for making linked fibrous silica is described in U.S. Patent Number 
3,952,083 (Fletcher, et aL), which is incorporated herein by reference. Alterations of the 
method of Fletcher, et al to make the porous linked fibrous biomaterial of the present 
invention are evident in the manufacturing protocol provided in the Detailed Description 
given below. 



BRIEF DESCRIPTION OF THE DRAWINGS 



Figure 1 illustrates a cylindrically shaped reservoir for insertion in a fixture in bone. 
Figure 2 illustrates two cylindrical reservoirs of differing composition intended for 

simultaneous insertion in a fixture in bone. 
Figure 3 illustrates a cylindrical reservoir having longitudinal cylindrical segments; each 

segment may have a different composition. 
Figure 4A illustrates a reservoir suitable for cell culture and for insertion in a fixture in 

bone. 

Figure 4B illustrates a void insert of linked fibrous biomaterial intended for use with the 

reservoir of Figure 4 A. 
Figure SA illustrates a reservoir suitable for cell culture and for implantation in a peritoneal 

pouch. 

Figure 5B illustrates a cap assembly for occluding the cell culture cavity of the reservoir of 
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Number 4,936,851 (not shown). The reservoir 10 may also be inserted directly in vascular 
tissue (e.g., breast tissue), and the reservoir surface area may be increased by changing its 
shape (e.g. ( by flattening it) or by perforating the reservoir 10 with one or more holes 11 or 
depressions 9. 

Figure 2 illustrates two reservoirs 22,24 similar to the reservoir 10 in Figure 1, except 
that they are intended for simultaneous insertion into a fixture in a bone (not shown). 
Together, the two reservoirs 22,24 comprise a new reservoir 20 which may serve as the 
source of two different drugs, reservoir 22 providing one drug and reservoir 24 providing the 
other. Note that the reservoirs 22,24 may also provide the same drug, but at differing rates 
and for differing durations. Simultaneous insertion of reservoirs 22,24 then allows the new 
reservoir 20 to provide a drug at a rate which varies with time. Note that in a manner 
analogous to that shown in Figure 2, a plurality of drugs may be provided in fluxes having 
predetermined ratios to one another through simultaneous insertion of appropriate drug 
reservoirs in one or more fixtures in bone. 

Figure 3 illustrates another form of reservoir 30 which may act as a source for each 
of the drugs contained within longitudinal cylindrical segments 31-36. The reservoir 30 may 
also be inserted in a fixture in a bone as noted above (not shown). 

Figure 4A illustrates a reservoir 40 of the present invention intended to contain a cell 
culture (not shown) and for coupling the cell culture to vascular tissue (not shown) in which 
the reservoir may be implanted. A cell culture may be contained within a sealabie interior 
chamber, the wall 44 of which is illustrated. The chamber wall 44 is sealed at end 45 but 
is shown open at end 41. Chamber wall 44 comprises porous linked fibrous biomaterial 
having a plurality of voids of a predetermined mean void size effective for inhibiting 
angiogenesis in chamber wall 44 from the vascular tissue in which reservoir 40 is intended 
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of voids of a predetermined mean void size effective for inhibiting angiogenesis in reservoir 
50 from the vascular tissue in which reservoir 50 is intended to be implanted. Chamber wall 
54 also acts to prevent cultured cells from passing through the wall 54. Cultured cells may 
be inserted within central void 56 within chamber wall 54, and then sealed therein by 
inserting plug 59 of cap assembly 58 (see Figure 5B) within central void 56. Outer coat 53 
comprises porous linked fibrous biomaterial having a plurality of voids of a predetermined 
mean void size effective for stimulating angiogenesis in reservoir 50 from the vascular tissue 
in which reservoir 50 is intended to be implanted Note that in bioreactor applications, 
outer coat 53 acts to provide mechanical strength to the relatively thin chamber wall 54. 
Note also thai for clarity in Figure 5A, outer coat 43 is shown cut back from chamber wall 
54. In preferred embodiments of the present invention, outer coat 53 is not cut away as 
shown in Figure 5A, but instead substantially completely surrounds chamber wall 54. Note 
also that cultured cells (not shown) within central void 56 may preferably grow by layering 
on the surface of chamber wall 54 which faces central void 56. Cultured cells may also 
preferably grow within and on void insert 57 (illustrated in Figure 4C) if insert 57 is placed 
within void 56 prior to sealing with plug 59 of cap assembly 58. Insert 57 comprises porous 
linked fibrous biomaterial having a plurality of voids of a predetermined mean void size 
effective for stimulating growth and/or differentiation of cultured cells. 

Figure 6 illustrates an infection shield 90 for a catheter intended for placement 
through skin and subcutaneous tissue according to the present invention; shield 90 is shown 
applied around a catheter 92. Infection shield 90 comprises a catheter seal 96 and a tissue 
cuff 94. Catheter seal 96 comprises substantially cylindrically shaped porous linked fibrous 
biomaterial (e.g. % silica fiber) for substantially circumferentially surrounding a catheter, the 
seal 96 having a plurality of voids of a predetermined mean void size effective for inhibiting 
angiogenesis from'the vascular tissue which may contact infection shield 90. Tissue cuff 94 
comprises porous linked fibrous biomaterial (e.g., silica fiber) having a plurality of voids of 
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a predetermined mean vmfrsize effective tor stimulating angiogenesis in cuff 94 from the 
skin and subcutaneous tissue in which infection shield 90 and catheter 92 might be 
implanted. Tissue cuff 94 substantially circumferentially surrounds catheter seal 96. In use, 
catheter seal 96 of infection shield 90 substantially circumferentially surrounds a catheter 
92. 

Protocol for Manufacturing Porous Linked Fibrous Silica Fiber 

The process for manufacturing linked silica fiber comprises preparation of a silica 
fiber slurry, followed by heat treatment of the slurry. Either a substantially rough or a 
partially smooth outer surface may be produced on the porous linked silica fiber, depending 
on the heat treatment used on the slurry. A flow diagram representing the process is 
illustrated in Figure 7. 

In step 61, 60 g of Q-Fiber* (amorphous high purity silica fiber), Manville Division 
of SchuUer International, Inc., Waterton, OH, is added to 1000 ml of "Nyacol 1430" 
(colloidal silica sol), PQ Corporation, Ashland, MA and distilled water (1 part Nyacol plus 
9 parts water) in a stainless steel container ("VitaMixer Maxi 4000 from VitaMix 
Corporation, Cleveland, OH). Note that the above dilution produces porous linked fibrous 
biomaterial according to the present invention at a density of approximately 12 pounds per 
cubic foot, whereas if the silica sol is used undiluted, the density will approximate 39 pounds 
per cubic foot 

In step 62, the mixture is stirred for two minutes with a rotating blade to chop the 
fibers and create a homogeneous slurry. To make a linked silica fiber with one smooth 
outer surface and one rough surface, steps 64, 66, 68 and 70 are executed as follows. In step 
64, approximately one hundred milliliters of the slurry is poured into a Pyrex vessel (20 cm 
x 20 cm by 6 cm). Contact between the slurry and the Pyrex surface is preferably prevented 
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by a thin membrane place* over the Pyrex surface (e.j>., Teflon ). The vessel is placed in 
an oven at room temperature. In step 66, the oven is heated to about 220 degrees 
Fahrenheit within approximately 5 minutes and remains at this temperature for approxi- 
mately 5 hours. In step 68, the oven temperature is then raised to about 400 degrees 
Fahrenheit in approximately 10 minutes and remains at this temperature for approximately 
1 hour. 

In step 70, a sheet is removed from the oven and cooled, the sheet being a piece 
approximately 1 to 2 mm thick by approximately 20 cm x 20 cm of linked fiber, the piece 
having a bottom side (which was against the Pyrex dish) that is smooth and shiny and a top 
side (exposed to the air) that is relatively rough. The shiny side is apparently a homoge- 
neous layer of deposited silica integrated into the linked fiber matting. The shiny and rough 
sides are both pervious to water and hydrophilic in character. 

To make a porous linked silica fiber with a continuous rough surface overall, steps 
72, 74, 76 and 78 in Figure 7 are executed as follows. In step 72, approximately 680 ml of 
the slurry prepared above in step 62 is poured into a plastic microwaveable dish 9 5 x 13.5 
x 6 cm with 12 holes 2 - .4 cm in diameter in the bottom of the dish. The liquid of the 
slurry is allowed to drain through the holes over about 10 minutes. In step 74, the fibrous 
mat is pressed lightly by hand using a plastic form mold piston, after which the mat is 
heated for 5 minutes in a microwave oven. 

In step 76, the mat is transferred in a Teflon*-lined pan to an oven at approximately 
220 degrees Fahrenheit. The mat is turned over three times every hour. The temperature 
is maintained for about four and one-half hours. In step 78, the oven temperature is raised 
to approximately 400 degrees Fahrenheit, and the linked fiber block is removed after about 
1 hour and allowed to cool; all six sides of the cooled linked fiber block are rough. 
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Protocol for Manufacturing Porous Fused R igid Ceramic 



One process for manufacturing fused silica/alumina and/or other ceramic fiber of 
low density, like 12 lb. per ft. 3 , comprises: 
5 (1) preparation of a slurry mixture comprised of pre-measured amounts of 

purified fibers and deionized water; 

(2) removal of shot from slurry mixture; 

(3) removal of water after thorough mixing to form a soft billet; 

(4) addition of a ceramic binder after the formation of the billet; 

!|p (5) placement of the billet in a drying microwave oven for moisture removal; and 

(6) sintering the dry billet in a large furnace at about 1600°F or above. 



The high purity silica fibers above are first washed and dispersed in hydrochloric acid 
and/or deionized water or other solvent. The ratio of washing solution to fiber is between 
J5 30 to 150 parts liquid (pH 3 to 4) to 1 part fiber. Washing for 2 to 4 hours generally 
□ removes the surface chemical contamination and non-fibrous material (shot) which would 
contribute to silica fiber devitrification. After washing, the fibers are rinsed 3 times at 
approximately the same liquid to fiber ratio for 10 to 15 minutes with deionized water. The 
pH is then about 6. Excess water is drained off leaving a ratio of 5 to 10 parts water to 1 
20 part fiber. During this wash and all following procedures, great care must be taken to avoid 
contaminating the silica fibers. The use of polyethylene or stainless steel utensils and 
deionized water aids in avoiding such contamination. The washing procedure has little 
effect on the bulk chemical composition of the fiber. Its major function is the conditioning 
and dispersing of the silica fibers. 
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The alumina fibers are prepared by dispersing them in deionized water. They can 
be dispersed by mixing 10 to 40 parts water with 1 part fiber in a V-blender for 2 1/2 to 5 
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minutes. The time required is a function of the fiber length and diameter. In general, the 
larger the fiber, the more time required. 

In order to manufacture ultra low density ceramic material, for example densities 
below 12 lb/ft 3 the process includes the additional steps of: 

(1) the addition of expandable carbon fibers in the casting process and/or other 
temporary support material; and 

(2) firing the billet at about 1300T to remove the carbon fibers or other support 
material prior to the final firing at approximately I600°F or above. 

One preferred composition to practice the invention which can be manufactured 
using the above method consists of the following: 

(1) from about 10% to about 50% by weight alumina fiber; 

(2) from about 50% to about 90% by weight silica fiber; 

(3) from about 1% to about 3% by weight silicon carbide; and 
. (4) from about 1% to about 5% by weight boron nitride. 

The preferred alumina fibers are 952% pure available from ICI Americas, Inc. The - 
preferred silica fibers are 99.7% pure and are available from Manville Corp., Denver, 
Colorado. 

One preferred composition is comprised of: a ratio of silica fiber to alumina fiber 
of 78/22, 2% by weight 600 grit silicon carbide, and 2.85<& by weight boron nitride. This 
composition is available commercially in densities of 3 to 12 (+/- three quarters of a pound) 
from Lockheed Missiles and Space Co., Inc. Sunnyvale, Ca. ("Lockheed") under the 
tradename "HTP" (High Temperature Performance). For example, Lockheed commercially 
sells "HTP- 12-22" (12 lb/ft. 3 density and a silica to alumina fiber ratio of 78/22), "HTP-te- 
35- (12 lb/ft 3 density and a silica/alumina fiber ratio of 65/35) and HTP-12-45 (12 Ib./ft 3 
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density and silica/afeww^^rtio of 55/45). In addition, "HTP-ff ^vieg. various fiber ratios 
and a 6 lb/ft 3 density is also commercially available from Lockheed. 

While the above identified fibers are considered the most preferred, it should also 
be noted that metal silicates, zirconia, and other glass/ceramic fibers can also be used in 
the composition. Moreover, aluminaborosilicate fibers/glass can be utilized for example, 
Nextel 312«> fibers (a registered trademark of the 3M Co) can also be used in the practice 
of the present invention. Nextel 312® is a fiber consisting of aluminum oxide, boria and 
silicon dioxide in the ratio of 3, 1, 2 respectfully. The alumina burosilicate fibers should be 
prepared in the same manner as the alumina fibers as set forth above. 

In addition, while boron nitride is preferred, it is also believed that SiBx, B 4 C and 
B and other boron sources can also be used as bonding or fluxing agents. As stated, 
however, boron nitride is believed to be preferred because it is believed, due to its stability, 
it permits a more uniform fusion to fiber junction and yields superior bonding and uniform 
porosity. 

It should also be noted, that porous linked fibrous silica fiber (discussed in the 
previous section) can also be manufactured by the process described above for the 
manufacture of rigid fused alumina/silica fibers. 

According to one embodiment of the invention, 9 lbs/ft 3 is the maximum density for 
mamilian cell growth. According to a further embodiment, for example, a bioreacter, 
preferred density is dependent upon mean cell diameter, such that maximum cellular 
integration into the ceramic material occurs between about 100 microns and about 1000 
microns. As a further example of a bioreactor embodiment, hepaticytes (liver cells) are 
grown in about five pounds per cubic foot. For a further bioreactor example, the cell line 
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